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INTRODUCTION 

One of t h e  impor t an t  advan tages  of x-ray t e c h n i q u e s  in s t r u c t u r a l  s t u d i e s  is 
t h a t  t h e  x-ray d a t a  can  p rov ide  some i n f o r m a t i o n  about  t h e  dimensions of t h e  
s t r u c t u r e .  Small-angle  x-ray s c a t t e r i n g ,  which is u s e f u l  ( 1 , 2 )  f o r  l e a r n i n g  about  
dimensions from abou t  10 t o  2000 A ,  is an  impor t an t  method f o r  i n v e s t i g a t i n g  
s t r u c t u r e s  t o o  s m a l l  to be r e s o l v e d  by o p t i c a l  or scann ing  e l e c t r o n  microscopy. 

Small-angle  x-ray s c a t t e r i n g  has  been a p p l i e d  (3--8) in s e v e r a l  s t u d i e s  of t h e  
p o r o s i t y  of c h a r c o a l  produced by p y r o l y s i s  of wood. One of t h e  q u e s t i o n s  considered 
i n  t h i s  r e s e a r c h  was t h e  dependence of t h e  pore dimensions and some o t h e r  p rope r t i e= ,  
of t h e  po res  on t h e  t empera tu re  t o  which t h e  wood was hea ted  d u r i n g  t h e  process  of 
p y r o l y s i s  i n  which t h e  c h a r c o a l  was produced. 

We have a l r e a d y  d e s c r i b e d  (6-8) t h e  r e s u l t s  of our  a p p l i c a t i o n  of small-angle  
x-ray s c a t t e r i n g  i n  s t u d i e s  of s e v e r a l  c h a r c o a l s  p repa red  by h e a t i n g  t o  t empera tu res  
n o t  exceed ing  1000°C. I n  o rde r  t o  l e a r n  about  t h e  e f f e c t s  of h i g h e r  p repa ra t ion  
t e m p e r a t u r e s ,  we r e c e n t l y  examined a s e r i e s  of c h a r c o a l s  from b lack  c h e r r y  (Prunus 
s e r o t i n a  Ehrh.)  wood h e a t e d  t o  t e m p e r a t u r e s  from 600' t o  2000°C. The r e s u l t s  a r e  
summarized i n  t h i s  r e p o r t .  

I n  a d d i t t o n  t o  o b t a i n i n g  some i n f o r m a t i o n  abou t  t h e  pore s t r u c t u r e  of b l ack  
c h e r r y  c h a r c o a l ,  we have developed a g e n e r a l  p i c t u r e  of how t h e  c h a r c o a l  p o r o s i t y  
depends on t h e  t empera tu re  t o  which t h e  wood was h e a t e d  d u r i n g  p y r o l y s i s .  We have 
found (8 )  t h a t  f o r  wood and for c h a r c o a l  h e a t e d  t o  t empera tu res  no t  exceeding 35OoC, 
the sma l l - ang le  x-ray s c a t t e r i n g  i s  dominated by t h e  s c a t t e r i n g  from c r y s t a l l i n e  
c e l l u l o s e ,  and l i t t l e  c a n  be l e a r n e d  abou t  t h e  pore s t r u c t u r e .  A t  h e a t i n g  
t e m p e r a t u r e s  between 350' C and 4OO0C, t h i s  c e l l u l o s e  decomposes, and f o r  cha rcoa l s  
prepared by h e a t i n g  t o  abou t  4OO0C, o u r  s c a t t e r i n g  d a t a  i n d i c a t e  t h a t  t h e r e  a r e  
l a r g e  p o r e s ,  c a l l e d  (9 )  macropores ,  w i t h  dimensions of a t  l e a s t  a micron, 
t r a n s i t i o n a l  po res ,  which have dimensions of t h e  o r d e r  of a few hundrend A ,  and a 
r e l a t i v e l y  small number o f  much s m a l l e r  p o r e s ,  which, u s i n g  Dub in in ' s  terminology 
( 9 ) ,  we w i l l  r e f e r  t o  as mic ropores  and which have ave rage  dimensions which do no t  
exceed approx ima te ly  30 8.  The s c a t t e r i n g  cu rves  which we have now ob ta ined  f o r  
c h a r c o a l s  p repa red  by h e a t i n g  t o  t e m p e r a t u r e s  above 1000°C show t h a t  t h e s e  h ighe r  
p r e p a r a t i o n  t empera tu res  have  a r e l a t i v e l y  s m a l l  e f f e c t  on t h e  s c a t t e r i n g  a s s o c i a t e d  
w i t h  t h e  macropores and t r a n s i t i o n a l  po res ,  bu t  €or p r e p a r a t i o n  t empera tu res  above 
400°C, t h e  s c a t t e r i n g  a s c r i b e d  t o  t h e  mic ropores  i n c r e a s e s  r a p i d l y  with t h e  
p r e p a r a t i o n  t empera tu re .  These r e s u l t s  have l e d  u s  t o  propose t h a t  t h e  macropores 
i n  c h a r c o a l s  a r e  s imi la r  t o  t h o s e  i n  wood and t h a t  t h e  main e f f e c t  which p y r o l y s i s  
a t  t empera tu res  above 4OO0C e x e r t s  on t h e  po re  s t r u c t u r e  is t o  cause  t h e  micropores  
and t r a n s t i o n a l  po res  t o  grow, w h i l e  l e a v i n g  t h e  macropores a lmost  unchanged. 

*This m a t e r i a l  is based on work suppor t ed  by Na t iona l  Science Foundat ion Grant No. 
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EXPERLMENTAL TECHNIQUES AND METHODS OF DATA ANALYSIS 

The samples were prepared (10) by Paul  R. Blankenhorn a t  t h e  Pennsy lvan ia  S t a t e  
UniVerSLtY School of F o r e s t  Resources  by h e a t i n g  b l a c k  c h e r r y  wood t o  t empera tu res  
of 600, 1500, 1750, and 2000°C in a n i t r o g e n  atmosphere.  

Our s c a t t e r l n g  d a t a  were recorded by t h e  methods d i s c u s s e d  in Reference (8), 
which a l s o  reviews t h e  c o r r e c t i o n s  which w e  a p p l i e d  t o  t h e  measured s c a t t e r i n g  
cu rves .  

We now w i l l  summarize some of t h e  methods and t e c h n i q u e s  which we employed i n  
t h e  i n t e r p r e t a t i o n  of our sma l l - ang le  x-ray s c a t t e r i n g  d a t a  from c h a r c o a l s .  In a 
t y p i c a l  small-angle  s c a t t e r l n g  s tudy ,  x - r ays  from an  x-ray tube  a r e  formed i n t o  a 
we l l -de f ined  beam, u s u a l l y  by s l i ts ,  and s t r i k e  t h e  sample.  A small  f r a c t i o n  of 
t h e s e  x-rays a r e  r e - e m i t t e d ,  w i thou t  change of wavelength,  i n  d i r e c t i o n s  d i f f e r e n t  
from t h a t  of t h e  incoming beam. The i n t e n s i t y  of t h e s e  r e -emi t t ed  x-rays,  which a r e  
c a l l e d  t h e  s c a t t e r e d  r a y s ,  and t h e i r  dependence o n  t h e  d i r e c t i o n  in which they  a r e  
emi t t ed  depend on t h e  s t r u c t u r e  of t h e  sample.  In a s c a t t e r i n g  expe r imen t ,  t h e  
i n t e n s i t y  of t h e  x-rays s c a t t e r e d  in d i f f e r e n t  d i r e c t i o n s  is r eco rded ,  u s u a l l y  with 
some t y p e  of p r o p o r t i o n a l  c o u n t e r .  From an  a n a l y s i s  of t h e s e  d a t a ,  an  a t t e m p t  is 
made t o  o b t a i n  in fo rma t ion  abou t  t h e  s t r u c t u r e  of t h e  sample.  

While t h e r e  is no g e n e r a l  p r e s c r i p t i o n  f o r  a n a l y z i n g  t h e  s c a t t e r i n g  p a t t e r n  
from an a r b i t r a r y  sample,  we w i l l  review some methods u s e f u l  f o r  i n t e r p r e t a t i o n  of 
s c a t t e r i n g  measurements from porous m a t e r i a l s  l i k e  c h a r c o a l s .  For  a sample which 
has  a s t r u c t u r e  c h a r a c t e r i z e d  by a dimension a ,  most i n f o r m a t i o n  o b t a i n a b l e  from 
s c a t t e r i n g  measurements w i l l  be  found a t  s c a t t e r i n g  a n g l e s  8 i n  an  i n t e r v a l  f o r  
which 

0.1 < ha < 10, 1) 

where h = (4n /X)  s i n ( 8 / 2 ) ;  8 is the  s c a t t e r i n g  a n g l e  ( t h a t  is, t h e  a n g l e  between t h e  
d i r e c t i o n s  of t h e  i n c i d e n t  and t h e  s c a t t e r e d  beams); and X i s  t h e  x-ray 
wavelength.  For a n g l e s  no g r e a t e r  t h a n  about  7 d e g r e e s ,  sin 8/2 can  be approximated 
by 8/2, and so f o r  small  s c a t t e r i n g  a n g l e s ,  h can  be c o n s i d e r e d  p r o p o r t i o n a l  t o  8. 
According t o  I n e q u a l i t y  l ) ,  f o r  a s t r u c t u r e  wi th  dimension a ,  t h e  s c a t t e r i n g  is  
determined by the  product  ha,  so  t h a t  t h e r e  i s  a n  i n v e r s e  r e l a t i o n s h i p  between t h e  
s i z e  of t he  s t r u c t u r e  and t h e  h v a l u e s  a t  which t h e  s c a t t e r e d  i n t e n s i t y  from t h i s  
s t r u c t u r e  is a p p r e c i a b l e .  S i n c e  t h e  x-ray wavelengths  a r e  normally of t h e  o r d e r  of 
1 o r  2 A ,  I n e q u a l i t y  1) i m p l i e s  t h a t  t h e  x-ray s c a t t e r i n g  from s t r u c t u r e s  wi th  
dimensions between abou t  20 and 2000 A w i l l  be observed a t  s c a t t e r i n g  a n g l e s  no 
g r e a t e r  than a few degrees .  Smal l - ang le  x - r ay  s c a t t e r i n g  t h u s  can  be used to s tudy  
t h e s e  submicroscopic  s t r u c t u r e s .  

X-rays are s c a t t e r e d  by e l e c t r o n s ,  and t h e  sma l l - ang le  s c a t t e r i n g  w i l l  be 
a p p r e c i a b l e  when t h e  sample c o n t a i n s  r e g i o n s  i n  which f l u c t u a t i o n s  o r  v a r i a t i o n s  in 
e l e c t r o n  d e n s i t y  ex tend  ove r  d i s t a n c e s  o f  10 t o  2000 A .  A t  small a n g l e s ,  t h e  
s c a t t e r i n g  p rocess  is unab le  t o  r e s o l v e  s t r u c t u r e s  s m a l l e r  t han  about10 A ,  and so 
in t h e  a n a l y s i s  of t h e  s c a t t e r i n g  d a t a ,  t h e  a tomic - sca l e  s t r u c t u r e  c a n  be 
neg lec t ed .  We t h e r e f o r e  found i t  conven ien t  t o  c o n s i d e r  t h e  c h a r c o a l  sample t o  be 
composed of t w o  phases ,  w i th  c o n s t a n t  but  d i f f e r e n t  e l e c t r o n  d e n s i t i e s .  One of t h e  
phases  is ca rbon ized  wood, and t h e  o t h e r  is a i r .  Because t h e  e l e c t r o n  d e n s i t y  of 
a i r  i s  so  small ,  t h e  s c a t t e r i n g  from t h e  a i r  i n  t h e  po res  c a n  be n e g l e c t e d ,  and t h e  
pores  c a n  be cons ide red  t o  be empty. 

When t h e  two phases  a lways a r e  s e p a r a t e d  by a s h a r p ,  d i s c o n t i n u o u s  boundary, 
and when h is  l a r g e  enough t o  s a t l s i f y  the  c o n d i t i o n  ha > 3.5, where a is t h e  
minimum c h a r a c t e r i s t i c  dimension of t h e  s t r u c t u r e ,  t h e  s c a p t e r e d  i n t e n s i t y ? ( h )  can 
be approximated by (11)  

where p i s  t h e  d i f f e r e n c e  of t h e  e l e c t r o n  d e n s i t i e s  of t h e  t w o  phases ,  1, is  t h e  
i n t e n s i t y  s c a t t e r e d  by a s i n g l e  e l e c t r o n ;  S 1s t h e  t o t a l  s u r f a c e  area s e p a r a t i n g  t h e  
two phases  in t h e  sample; M is t he  mass of t h e  sample; and A is t h e  c r o s s - s e c t t o n a l  
a r e a  of t h e  sample p e r p e n d i c u l a r  t o  t h e  i n c i d e n t  beam. According t o  Equa t ion  2), i n  
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t h e  o u t e r  p a r t  of t he  s m a l l - a n g l e  s c a t t e r i n g  cu rve  ( t h a t  is, when ha  > 3.5) ,  the 
s c a t t e r e d  i n t e n s i t y  1s p r o p o r t i o n a l  t o  h-4 and thus  t o  t h e  i n v e r s e  fou%h power of  
t h e  s c a t t e r i n g  ang le .  Moreover,  when I ( h )  has  t h i s  a n g u l a r  dependence, t he  
magnitude of t h e  s c a t t e r e d  intensity is p r o p o r t i o n a l  t o  the  s p e c i f i c  s u r f a c e  S/M, 
which is t h e  s u r f a c e  a r e a  pe r  u n i t  sample mass s e p a r a t i n g  the two phases .  

A s  we e x p l a i n  i n  Refe rence  (111, t h e  q u a n t i t i e s  I e A  and M/A can  be evaluated 
from t h e  x-ray d a t a ,  and 80 Eqiiat ion 2) can be employed to  c a l c u l a t e  t h e  s p e c i f i c  
s u r f a c e  S/M from t h e  s c a t t e r i n g  d a t a  f o r  samples  wi th  submicroscopic  p o r o s i t y .  

The s p e c i f i c  s u r f a c e  S/M c a l c u l a t e d  from Equa t ion  2) 1s o f t e n  r e f e r r e d  t o  as 
t h e  "x-ray s p e c i f i c  s u r f a c e " ,  s i n c e  i t  is determlned from t h e  x-ray S c a t t e r i n g  
d a t a .  I n  t h i s  d i s c u s s i o n  of our s t u d i e s  of c h a r c o a l ,  i t  is impor t an t  t o  remember 
t h a t  t h e  x-ray s p e c i f i c  s u r f a c e  l n c l u d e s  on ly  t h e  s u r f a c e  of pores  l a r g e  enough t o  
s a t i s f y  t h e  c o n d i t i o n  ha > 3.5. The x-ray s p e c i f l c  s u r f a c e  t h u s  r e p r e s e n t s  only the 
s u r f a c e  of t h e  macropgres  and t r a n s i t i o n a l  po res  and does  n o t  i nc lude  the  
c o n t r i b u t i o n  of t h e  mic ropores .  This  r e s u l t ,  we b e l i e v e ,  1s t h e  main reason why 
s p e c i f t c  s u r f a c e s  measured by a d s o r p t i o n ,  which o f t e n  t a k e s  accoun t  of t h e  su r faces  
of a l l  t h r e e  c l a s s e s  of p o r e s ,  c a n  be much l a r g e r  t han  t h e  x-ray s p e c i f i c  s u r f a c e s .  

To ana lyze  t h e  s c a t t e r l n g  c u r v e s  which we have ob ta ined  from c h a r c o a l s ,  we made 
l e a s t - s q u a r e s  f i t s  of a t h e o r e t i c a l  s c a t t e r i n g  e q u a t i o n  which con ta ined  terms 
r e p r e s e n t i n g  t h e  c o n t r i b u t i o n s  t o  t h e  s c a t t e r e d  i n t e n s i t y  from a l l  t h r e e  types of 
pores .  Th l s  e q u a t i o n  can  be expres sed  

where SI and S a r e  t h e  s u r f a c e  a r e a s  p e r  u n i t  sample mass a s s o c i a t e d  with the  
macropores and ' t r a n s i t i o n a l  p o r e s ;  c is  a c o n s t a n t  p r o p o r t i o n a l  t o  t h e  average 
c h a r a c t e r i s t i c  dimension of t h e  t r a n s i t i o n a l  po res ;  N is t h e  number of micropores  in 
t h e  s c a t t e r i n g  sample: b 1s t h e  ave rage  dimension 3f t h e  micropores;  V is t h e  volume 
of a micropores;  t h e  b a r  i n d i c a t e s  an  ave rage  of V o v e r  t h e  sample; and Fm(hb) is a 
f u n c t i o n  which d e s c r i b e s  t h e  a n g u l a r  d i s t r i b u t i o n  of t h e  s c a t t e r i n g  from t h e  
micropores  and which 1s d e f i n e d  t o  have t h e  p r o p e r t y  t h a t  F (0) = 1. The micropores 
a r e  assumed t o  s c a t t e r  i ndependen t ly  of each o t h e r .  &e term i n  Equat ion 3) 
p r o p o r t i o n a l  t o  S2 d e s c r i b e s  t h e  s c a t t e r i n g  from t h e  t r a n s i t i o n a l  po res  and is t he  
e x p r e s s i o n  ob ta ined  by Debye, Anderson, and Rrumberger (12)  f o r  t h e  s c a t t e r i n g  from 
a two-phase sample wi th  a random d i s t r i b u t i o n  of s c a t t e r e r s .  We f e e l  t h a t  t h i s  
e x p r e s s i o n  is  a r easonab le  and c o n v e n l e n t  way t o  approximate t h e  s c a t t e r i n g  from the  
t r a n s i t i o n a l  po res .  The macropore s c a t t e r i n g  is r ep resen ted  i n  Equa t ion  3)  by the  
term p r o p o r t i o n a l  t o  S1. The macropores  are so l a r g e  t h a t  our s c a t t e r i n g  d a t a  permit 
on ly  t h e  c a l c u l a t i o n  o f  t h e  s p e c i f i c  s u r f a c e  of t h e s e  p o r e s  and provide no 
i n fo rma t ion  about  t h e i r  d imens lons .  

RESULTS AND DISCUSSION 

F i g u r e  1 shows t h e  s c a t t e r i n g  c u r v e s  which we  ob ta ined  f o r  s o u t h e r n  pine wood 
heated t o  4OO0C a t  d i f f e r e n t  r a t e s  (8).  When t h e  sample t empera tu re  was r a i s e d  a t  a 
r a t e  o f  5OoC p e r  minu te ,  t h e  s c a t t e r i n g  p a t t e r n  was q u i t e  similar t o  the  curve 
ob ta ined  f o r  wood b e f o r e  h e a t i n g .  For a t empera tu re  r i s e  of on ly  l 0 C  pe r  minute ,  on 
t h e  o t h e r  hand, t h e  i n n e r  p a r t  o f  t h e  s c a t t e r i n g  cu rve  is  n e a r l y  p r o p o r t i o n a l  t o  t h e  
i n v e r s e  f o u r t h  power of h,  as would be expec ted  f o r  t h e  s c a t t e r i n g  from macropores,  
while  i n  t h e  o u t e r  p a r t  of t h e  s c a t t e r i n g  cu rve ,  t h e  i n t e n s i t y  is  n e a r l y  c o n s t a n t ,  
as we would p r e d i c t  f o r  mic ropores .  The t h i r d  curve i n  Fig.  1 is f o r  a sample with 
a t empera tu re  i n c r e a s e  of 10°C p e r  minute  and is i n t e r m e d i a t e  beween t h e  o t h e r  two 
curves.  We have shown (8) t h a t  t h e  change from a cu rve  l i k e  t h e  cu rve  for  a hea t ing  
r a t e  o f  50°C/min t o  a c u r v e  with t h e  form of t h e  cu rve  f o r  l0C/m1n is  accompanied by 
t h e  d i sappea rance  o f  t h e  l a r g e - a n g l e  d i f f r a c t i o n  peaks from c e l l u l o s e .  We have 
t h e r e f o r e  concluded t h a t  t h e  c u r v e  f o r  a h e a t i n g  r a t e  of 1°C/min r e p r e s e n t s  t he  
s c a t t e r i n g  from on ly  t h e  po res  i n  t h e  c h a r c o a l .  

F i g u r e  2 shows t h e  s c a t t e r i n g  c u r v e s  f o r  b l ack  c h e r r y  samples  hea ted  t o  
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t empera tu res  of 600, 1500, 1750, and 2000°C. Regard le s s  of t h e  t empera tu re  a t  which 
t h e  sample was pfepared, t h e  i n n e r  p a r t  of t h e  s c a t t e r i n g  cu rve  is  n e a r l y  
p r o p o r t i o n a l  t o  h- . T h i s  r eg ion  of t he  curve i s  a lmos t  t h e  Same f o r  a l l  h e a t i n g  
t empera tu res ,  but  t h e  i n t e n s i t y  i n  t h e  o u t e r  p a r t  of t h e  cu rve  rises a s  t h e  h e a t i n g  
t empera tu re  is inc reased .  T h i s  p a r t  of t h e  cu rve  c o n t a i n s  t h e  i n f o r m a t i o n  about  t h e  
micropores .  

The cu rves  i n  Fig.  2 were determined by l e a s t - s q u a r e s  f i t s  of Equa t ion  (3)  t o  
t h e  s c a t t e r i n g  d a t a  f o r  t h e  b l a c k  c h e r r y  c h a r c o a l s .  In t h e  f i t s  of t h e  s c a t t e r i n g  
d a t a  recorded f o r  samples  produced a t  1500°C and above,  f o r  Fm(hb) we used t h e  
f u n c t i o n  P Z ( h , l )  c a l c u l a t e d  (13) f o r  a s sembl i e s  of uniform s p h e r i c a l  s c a t t e r e r s  w i t h  
d i f f e r e n t  d i ame te r s .  With t h i s  f i t t i n g  f u n c t i o n ,  we o b t a i n e d  a t  least  an adequa te  
f i t .  In our  a n a l y s i s  of t h e  cu rve  € O K  t h e  sample h e a t e d  a t  6OO0C w e  employed a n  
Fm(hb) f u n c t i o n  of t he  same form a s  t h e  f u n c t i o n  chosen t o  r e p r e s e n t  t h e  s c a t t e r i n g  
from t h e  t r a n s i t i o n a l  pores .  We m u l t i p l i e d  t h e  ave rage  micropore dimension o b t a i n e d  
i n  t h i s  f i t  by a c o n s t a n t  which pe rmi t t ed  t h i s  b va lue  t o  be compared wi th  the  o t h e r  
a v e r a g e  micropore dimensions.  

As can be seen  from Table  1, which l i s t s  some of t h e  q u a n t i t i e s  ob ta ined  from 
t h e  l e a s t - s q u a r e s  f i t s  of Equa t ion  ( 3 ) ,  when t h e  p r e p a r a t i o n  t empera tu re  is  r a i s e d  

N 2  from 6OO0C t o  2000°C, t h e  c o n s t a n t  - 
4 )  B = - V ,  2nM 

which expres ses  t h e  magnitude of t h e  s c a t t e r i n g  from t h e  mic ropores ,  i n c r e a s e s  by a 
f a c t o r  of a lmos t  50, wh i l e  thf f v e r a g e  micropore dimension b is not even doub led .  
[The r a t h e r  unusua l  u n i t s  cm A /gm used f o r  B a r e  conven ien t  for  some a n a l y s e s  
d i s c u s s e d  i n  Reference (e ) . ]  I f  t h e  shape of t h e  lnicropores  is  independent  of t e 

and acco rd ing  t o  Equat ion 4 ) ,  B/b6 shou ld  be p r o p o r t i o n a l  t o  N / M ,  t h e  number of 
po res  pe r  u n i t  mass. From t h e  values  of B and b i n  Ta l e  1. as t h e  t empera tu re  of 
sample p r e p a r a t i o n  i n c r e a s e s  from 6OO0C t o  2000°C, B/b v a r i e s  by abou t  30% around 
i t s  ave rage  va lue  f o r  t h e  f o u r  samples.  Wi th in  t h e  r e l a t i v e l y  l a r g e  u c e r t a i n t y  
r e s u l t i n g  from t h e  f a c t  t h a t  b i s  r a i s e d  t o  t h e  s i x t h  power, B/b' t hus  is 
independent  of t he  p y r o l y s i s  temperature .  We t h e r e f o r e  can  c o n s i d e r  h a t  t h e  number 

n e a r l y  c o n s t a n t ,  so t h a t  h i g h e r  p y r o l y s i s  t empera tu res  l e a d  t o  c h a r c o a l s  w i t h  l a r g e r  
micropores ,  bu t  t h e  number of micropores  does not  change a p p r e c i a b l y .  

In our  d i s c u s s i o n  of d a t a  a n a l y s i s ,  we have avo ided  making any p r e c i s e  
s t a t e m e n t s  abou t  t h e  meaning of t h e  ave rage  pore dimensions,  s i n c e  t h e  d e f i n i t i o n  of 
t h e s e  ave rage  dimensions depends on t h e  pore shape and on t h e  d i s t r i b u t i o n  of pore 
dimensions.  However, Equa t ion  3)  c o n t a i n s  terms which g i v e  t h e  s c a t t e r i n g  from t h e  
t h e  t h r e e  c l a s s e s  of po res .  The models used t o  o b t a i n  t h e  terms f o r  t h e  
c o n t r i b u t i o n s  from t h e  t r a n s i t i o n a l  pores  and mic ropores  s p e c i f y  what t h e  ave rage  
pore dimensions r e p r e s e n t  i n  t h e s e  models. I n  t h e  e x p r e s s i o n  f o r  Fm(hb) which we 
used t o  d e s c r i b e  t h e  s c a t t e r i n g  from t h e  micropores  f o r  p r e p a r a t i o n  t empera tu res  o f  
15OO0C and above,  b i s  t h e  most p robab le  micropore r a d i u s  i n  a system of 
i n d e p e n d e n t l y - s c a t t e r i n g  s p h e r e s  wi th  d i f f e r e n t  r a d i i .  The i n t e r p r e t a t i o n  of t h e  
o t h e r  ave rage  dimensions is d i scussed  i n  Reference (12) .  

The q u a n t i t i e s  SI, S , and B were e v a l u a t e d  by t h e  t echn iques  we employed i n  
O U T  i n v e s t i g a t i o n  o f  s o u t i e r n  p ine  c h a r c o a l  ( 8 ) .  In o u r  c a l c u l a t i o n s ,  we assumed 
(8) t h a t  t h e  d e n s i t y  of t h e  ca rbon  i n  t h e  cha rcoa  s was gm/cm3, wh i l e  w e  took t h e  
mass a b s o r p t i o n  c o e f f i c i e n t  of carbon t o  be 4.60 c m  /gm. 

I n  Tab le  1 we show o n l y  t h e  t o t a l  x-ray s p e c i f i c  s u r f a c e  (S1 + S 2 ) ,  s i n c e  we 
found t h a t  t h e  r eg ion  of t h e  s c a t t e r i n g  cu rve  which was n e a r l y  p r o p o r t i o n a l  t o  t h e  
i n v e r s e  f o u r t h  power of h was no t  l ong  enough t o  pe rmi t  a good s e p a r a t i o n  of t h e  
c o n t r i b u t i o n s  of t h e  macropores  and t r a n s i t i o n a l  po res  t o  t h e  t o t a l  x-ray s p e c i f i c  
s u r f a c e .  We e s t i m a t e  t h a t  t h e  u n c e r t a i n t y  i n  t h e  x-ray s p e c i f i c  s u r f a c e s  i n  about  
25%. S ince  t h e  x-ray s p e c i f i c  s u r f a c e  S1 + S2 i s  so n e a r l y  t h e  same i n  a l l  fou r  
samples ,  we sugges t  t h a t  t h e  macropore s t r u c t u r e  i n  t h e  c h a r c o a l  samples  is almost  
t h e  same as i n  t h e  wood from what t he  c h a r c o a l s  were prepared.  

While t h e  u n c e r t a i n t y  i n  t h e  va lue  of c computed from t h e  l e a s t  squa res  f i t s  
i n c r e a s e s  t o  abou t  ,504: f o r  t h e  sample hea ted  t o  2000°C, OUT f i t s  show a s t e a d y  

p r e p a r a t i o n  t empera tu re ,  t h e  s q u a r e  of t h e  volume of a pore is  p r o p o r t i o n a l  t o  b B , 

t 

of micropores ,  which a c c o r d i n g  t o  Equat ion 4 )  1s p r o p o r t i o n a l  t o  B/b F, , remains ve ry  

4 
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I 
growth i n  t h e  ave rage  dimension c of t h e  t r a n s i t i o n a l  po res  as the  p r e p a r a t i o n  , 
t empera tu re  becomes h i g h e r .  

t empera tu res  between 6OO0C and 1500'C. Samples prepared i n  t h i s  temperature  ' 
i n t e r v a l  would probably g i v e  a more d e t a i l e d  d e s c r i p t i o n  of t h e  e f f e c t  of p y r o l y s i s  , 
t empera tu re  on t h e  number and a v e r a g e  dimension of t h e  micropores .  

We f e e l ,  however, t h a t  t h e  s c a t t e r i n g  cu rves  which we have p resen ted  he re  a r e  
s u f f t c i e n t  t o  suppor t  o u r  views n b m t  t h e  r e l a t i o n  between t h e  po re  s t r u c t u r e  and 
t h e  t e a p e r a t u r e  a t  which t h e  sample was p repa red .  From our a n a l y s i s  of t h e  
s c a t t e r i n g  d a t a ,  we have concluded t h a t  when t h e  c h a r c o a l s  a r e  prepared by hea t ing  ' 
t o  4OO0C, most of t h e  s c a t t e r i n g  comes from t h e  macropores and t r a n s i t i o n a l  pores ,  I 

wi th  a r e l a t i v e l y  small c o n t r i b u t i o n  from t h e  micropores ,  t h e  dimensions of which 
a r e  no t  l a r g e  enough t o  be de t e rmined  r e l i a b l y  from t h e  s c a t t e r i n g  d a t a .  For 
p y r o l y s i s  a t  t empera tu res  i n  t h e  i n t e r v a l  from 4OO0C th rough  20OO0C, the 
t r a n s i t i o n a l  pores  and mic ropores  become l a r g e r ,  wh i l e  t h e  x-ray s p e c i f i c  s u r f a c e  
and t h e  number of micropores  remain n e a r l y  t h e  same. 

U n f o r t u n a t e l y ,  we were no t  a b l e  t o  o b t a i n  b l ack  c h e r r y  samples heated t o  
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TABLE 1 
Q u a n t i t i e s  Eva lua ted  from t h e  Least-Squares  F i t s  

P y r o l y s i s  S + S B(cm3A3/gm) MA) c(A) 
Temperature  (k2 /gm$ 

6OO0C 1.6 2.9 1.3 0.33 x lo2 
1500 1.7 60 2.0 0.76 x 10' 
1750 1.9 87 2.1 2.2 
2000 1.8 122 2.4 5.3 
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